Inflammatory breast cancer (IBC) is an aggressive and invasive tumor, accounting for 2.5% of all breast cancer cases, and characterized by rapid progression, regional and distant metastases, younger age of onset, and lower overall survival. Presently, there are no effective therapies against IBC and a paucity of model systems. Our aim was to develop a clinically relevant IBC model that would allow investigations on the role of chemokine receptors in IBC metastasis. Primary cultures of tumor cells were isolated from pleural exudates of an IBC patient and grown as spheres or monolayers. We developed a human xenograft model where patient-derived IBC cells, stably transduced with lentiviral vectors expressing fluorescent and bioluminescent markers, were inoculated directly into the left ventricle of mice. Our in vivo data show that these IBC cells (FC-IBC02A) are able to seed and proliferate into various organs, including brain, lungs, lymph nodes, and bone, closely replicating the metastatic spread observed in IBC patients. Moreover, cells were able to generate tumors when grafted in the mammary fat pad of mice. RT-PCR and microscopy studies revealed expression of both CXCR4 and ACKR3 receptors in FC-IBC02A cells. Furthermore, CXCL12 (the endogenous chemokine ligand of these receptors) induced transendothelial migration of these cells and stimulated signaling pathways involved in cell survival and migration -an effect reduced by CXCR4 or ACKR3 antagonists. This new model can be used to develop chemokine-based pharmacological approaches against the IBC metastatic process. This work also provides the first evidence of ACKR3 expression in IBC cells.
Background
Inflammatory breast cancer (IBC) is an aggressive and rare form of invasive breast cancer that presents with very distinct clinical and pathological features [1] . Clinical symptoms of IBC are most frequently associated with acute onset of edema, erythema, and an orange-peel (peau d'orange) appearance of the overlying skin in the
October 2015 pp. 358-367 358 affected breast. As the majority of patients do not present with a discrete palpable mass, IBC is often misdiagnosed upon clinical examination [1] . Furthermore, due to the invasion of tumor cell aggregates into lymphatic channels, IBC presents peculiar features that can mimic an acute inflammation [2] . Although it is estimated that IBC accounts for about 2.5% of all breast cancer cases in the United States, patients diagnosed with IBC have the worst prognoses and continue to have poorer survival outcomes compared with patients with other variants of the disease [3, 4] . Even with the addition of multimodal therapies consisting of neo-adjuvant chemotherapy followed by surgery and radiotherapy, 5-year overall survival rates reach at best 25-28% [5, 6] . This is in part due to IBC's high metastatic potential and propensity to invade blood vessels [2] .
IBC patients have shown a disposition to develop metastases in the brain, bones, and various visceral organs [5] .
There is increasing evidence that the expression of select chemokine receptors play an important role in breast cancer metastasis and prognosis [7] [8] [9] [10] [11] . Among them, the G proteincoupled receptor CXCR4 and its activating ligand CXCL12 (also known as stromal derived factor-1α) have been shown to be overexpressed in over 20 different tumor types [12] . Furthermore, enhanced expression of CXCR4 has been directly correlated with poor overall survival in metastatic breast carcinomas [13] . The recently identified chemokine receptor ACKR3, formerly known as CXCR7, also plays a role in CXCL12/CXCR4 signaling [14] . This atypical chemokine receptor can act as a CXCL12 scavenger, signal Sphere-derived cells and monolayer eGFP-FC-IBC02A cells were both able to spread to and proliferate in brain and bones (250,000 cells were injected intracardially). For bones: cells were consistently detected along the growth plate in femora and tibiae. Longer term in vivo studies (2 and 4 weeks) showed the proliferative capability of disseminated IBC-cells. N = 3 animals (4 foci); data shown as mean ± SEM. via the arrestin pathway, and/or modulate CXCR4-mediated responses through direct or indirect interactions [15] [16] [17] . The downstream pathways of CXCR4 are important for the proliferation, survival, and migration of cancer cells [12, 18] . Tumor cells that overexpress CXCR4 co-opt the chemokine system normally used by leukocyte trafficking in order to migrate to organs that secrete high concentrations of CXCL12 such as the brain, lungs, liver, and bone marrow. CXCR4 also facilitates primary tumor growth through promoting angiogenesis via up-regulation of VEGF and recruitment of endothelial progenitor cells [12] . Considering the impact of metastasis in the overall survival of IBC patients, a better understanding of the metastatic process is essential to develop effective therapeutic strategies. Thus, preclinical models that predict patient response, mimic complex and tissue-specific patterns of metastasis, and enable early accurate detection of secondary lesions are greatly needed. To this end, using a cell line obtained from the pleural exudate of an IBC patient, we recently developed a preliminary in vivo model of IBC [19] . Here, we present a refined version of this model that allows study of early as well late stage IBC metastases and of the involvement of CXCR4/ACKR3 in this process. Our approach introduces a visual advantage in identifying individual disseminated tumor cells (DTCs) of IBC origin with the use of fluorescent labeling, thus allowing investigations on the early stages of the in vivo dissemination process driven by these cells. Long-term monitoring of tumor progression is afforded by the simultaneous expression of the luciferase gene. We also characterized expression and function of critical chemokine receptors in the IBC cells. Overall, our data suggest that these cells are an excellent tool for both in vitro and in vivo investigations concerning the roles of the CXCL12-CXCR4/ACKR3 axis in IBC migration, growth, and invasion.
Materials and Methods

Cell Cultures
Human primary IBC cells (FC-IBC02A) were isolated from the pleural exudate of an IBC patient and cultured as monolayer or mammospheres. The patient had signed an informed consent from the Fox Chase Cancer Center (FCCC) Human Subject Protection Committee prior to sample collection. Both the Research Review Committee (RRC) and the Institutional Review Board (IRB) at FCCC approved the study (approval #10-826). Cells in monolayer were grown in DMEM containing 10% fetal bovine serum (Hyclone, Logan, UT, USA) and 0.1% gentamicin (Invitrogen, Carlsbad, CA) and kept at 37°C and 5% CO 2 . Spheres were grown in suspension Primary human brain microvascular endothelial cells (HBMECs) were purchased from ScienCell (Carlsbad, CA). HBMEC were grown in Endothelial cell medium (ECM, ScienCell) in tissue culture flasks coated with Fibronectin (Cell Systems). Cells were passaged according to the manufacturer's instructions and used up to passage eight.
Immunocytochemistry
Monolayer cells on coverslips and spheres on chamber slides were fixed in 4% paraformaldehyde. Cells were then permeabilized with 0.1% Triton X-100 for 5 minutes. The following antibodies were used: mouse anti-ACKR3 (clone 11G8; 50 mg/mL-a gift from ChemoCentryx), mouse anti-CXCR4 (clone 12G5; 1:200-R&D Systems, Minneapolis, MN). Confocal images were captured with a Zeiss LSM5 Exciter laser scanning confocal microscope (Thornwood, NY) using sequential imaging to prevent interchannel cross-excitation between fluorochromes.
RT-PCR
Total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA). RNA obtained from human cells was treated with DNase prior to RT reaction.
cDNA was synthesized from total RNA. The following primers were used for amplification. CXCR4: 5′-GGCCCTCAAGACCA CAGTCA-3′ and 5′-TTAGCTGGAGTGAAAACTTGAAG-3′; ACKR3: 5′-ACGTGGTGGTCTTCCTTGTC-3′ and 5′-AAGGC CTTCATCAGCTCGTA-3′; CXCL12: 5′-ATGAACGCCAA GGTCGTGGTC-3′ and 5′-CTTGTTTAAAGCTTTCTCCAGG TACT-3′; human 28S: 5′-GTTCACCCA CTAATAGGGAA CGTGA-3′ and 5′-GGATTCTGACTTAGA GGCGTTCAGT-3′. PCR was performed as follows: 5 minutes at 94°C, 35 cycles of 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C, followed by 7 min at 72°C. For gel electrophoresis analysis, each amplicon was generated and visualized using ethidium bromide staining after electrophoresis on a 1.8 % agarose gel. Human 28S was used as loading control.
Western Blot
Cells were washed with ice-cold balanced salt solution and scraped in lysis buffer (50 mM Tris, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 10 mM Na4P2O7, 5 mM ethylenediaminetetra-acetic acid [EDTA], 1% Triton X-100, 1 mM dithiothreitol, with protease (Calbiochem, cat#539134) and phosphatase (Calbiochem, cat#524625) inhibitor cocktails). Equal amounts of proteins as determined by the bicinchoninic acid assay from Thermo Scientific (Rockford, IL) were loaded in each lane, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to polyvinylidene fluoride membranes for immunoblotting. The following primary antibodies were used: anti-pERK1/2 (1:1000, cat#9101, Cell Signaling, Danvers, MA), anti-ERK1/2 (1:1000, cat#9102, Cell Signaling). Anti-actin was used for loading control (1:5000, Sigma-Aldrich).
Transendothelial Migration
Transendothelial migration of FC-IBC02A cells was performed using HTS FluoroBlok 8.0 μm colored PET Membrane Inserts for 24-well plates (BD Falcon). 50,000 HBMECs were added to fibronectin-coated 24-well (overnight coating) inserts and grown for at least 5 days in 5% CO 2 at 37°C. The medium was replaced every day with fresh medium. Before cell migration assays were performed, the integrity of the cell monolayer was confirmed by monitoring of Trans-endothelial electrical resistance (TEER), measured with an Epithelial Voltohmmeter (EVOM, World Precision Instruments). To obtain TEER values in Ω × cm 2 , the mean resistance of an empty insert was subtracted from the mean resistance of the insert with cultured cells (3 readings per insert). This value was then multiplied by the surface area of the insert (0.33 cm 2 ). eGFP-FC-IBC02A cells (2×10 5 ) in 1% FBS, 0.1% BSA DMEM were seeded in the upper chamber, and 1% FBS, 0.1% BSA DMEM supplemented with 20 nM CXCL12 was applied in the lower chamber. After 8 and 24 hours, transmigrated cells were detected and counted using a digital inverted fluorescence microscope (Evos, AMG, Bothell, WA). For each insert, the entire surface area was counted.
In Vivo Tumorigenicity
To test the ability of monolayer and sphere-derived FC-IBC02A cells to initiate tumor in vivo, monolayer (1×10 6 ) or sphere (1×10 5 ) dissociated FC-IBC02A cells were resuspended in 100 μL of DMEM/F12 + 100 μL of matrigel (BD Biosciences) and injected into the mammary fat pad of 6-8 weeks old female immunocompromised (CB17-SCRF) mice under anesthesia (ketamine 80 mg/kg and xylazine 10 mg/kg). CB17-SCRF mice were obtained from Taconic (Germantown, NY, USA) and housed in a germ-free barrier. Mice were monitored for disease symptoms and were sacrificed by CO 2 asphyxiation when they showed weight loss or any severe sign of disease (8-10 days post injections). Tumors were removed, fixed in formalin, paraffin-embedded, and then stained with hematoxylineosin (H&E) for histopathology (n = 3 for each condition). Table 1 . Metastatic spread of FC-IBC02A via intracardiac injection route.
* This animal was sacrificed at 10 weeks.
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Animal Model of Metastasis
CB17-SCRF female mice were anesthetized as indicated above and then inoculated in the left cardiac ventricle with either monolayer or sphere-derived human IBC-cells, as we previously described for other cell types [21] . Briefly, cell inoculation was performed using an insulin syringe with a 30-gauge needle. The correct execution of intracardiac inoculation was established by the appearance of fresh arterial blood in the Luer-Lok fitting of the hypodermic needle, which indicated the successful penetration of the ventricular wall. In addition, blue fluorescent polystyrene beads (10 μm diameter, Invitrogen-Molecular Probes) were co-injected with cancer cells. Their detection by fluorescence microscopy in different organs at necropsy confirmed the successful inoculation in the blood circulation. We used 250,000 cells in a total volume of 100 μL of DMEM/F12. Dissemination of cancer cells to the brain, bones and other organs was studied at 10 minutes, 2 weeks, 1 month, and then up to 14 weeks post inoculation. All experiments were performed in accordance with NIH guidelines for the humane use of animals. All protocols involving the use of animals were approved by the Drexel University College of Medicine Committee for the Use and Care of Animals.
Tissue Preparation and Cancer Cell Detection
Continuous long-term in vivo monitoring of bioluminescence was performed using the IVIS Lumina XR (PerkinElmer, Waltham, MA). Mice were administered weekly via i.p. with D-Luciferin, K + Salt Bioluminescent Substrate (PerkinElmer, Waltham, MA) and analysis was completed using Caliper Life Science's Living Image software. Animals were sacrificed and tissues were fixed, decalcified in 0.5 M EDTA if necessary and frozen in O.C.T. embedding medium (Electron Microscopy Sciences, Hatfield, PA, USA). Serial tissue sections of 80 μm in thickness were obtained using a Microm HM550 cryostat (Mikron, San Marcos, CA). Sections of each soft-tissue organs and hind legs were transferred on glass slides, stored at −20°C and examined for cancer cells using a Zeiss AX70 microscope (Carl Zeiss, Oberkochen, Germany) connected to a Nuance Multispectral Imaging System (CRI, Guelph, ON). Digital images were analyzed and processed with the Nuance Software (v. 2.4). Microscope and software calibration for size measurement was regularly performed using a TS-M2 stage micrometer (Oplenic Optronics). Bright field and fluorescence images were acquired with an Olympus DT70 CCD color camera.
Statistical Analysis
Statistical significance was calculated using two-tailed t test or one-way ANOVA. All data are reported as the mean ± SEM. A P value of ≤ .05 was considered statistically significant.
Results and Discussion
Stem Cell Properties and Metastatic Behavior of Cultured IBC Cells
Human primary IBC cells (FC-IBC02A) were isolated from the pleural exudate of an IBC patient, as previously reported [19] , and engineered to stably express green fluorescence protein (GFP) using a lentiviral vector ( Figure 1A ). Cells were cultured as either monolayer or mammospheres. Both types of cultures expressed E-cadherin, an adhesion protein particularly abundant in invasive IBC cells and critical to its invasive and metastatic phenotype [1, 22] -these data are reported in panel A of the Supplementary Figure 1 . E-Cadherin overexpression in IBC cell types is known to be essential for its metastatic phenotype and its ability to form tumor emboli [23, 24] . Normally, a loss of E-cadherin has been shown to promote cell invasiveness and be a fundamental event in the epithelial-mesenchymal transition, however, there is evidence to suggest that this loss of epithelial morphology is not a requirement for the invasion and metastasis of various carcinomas [25] . The expression of E-cadherin in monolayer and sphere-derived FC-IBC02A cells may fall in this paradigm.
We also evaluated the expression of CD44, a cancer stem cell marker. Monolayer-derived cells showed a weak to absent expression of CD44, which was strongly expressed in the spheres (Supplementary Figure 1A) . However, IBC monolayers cells were able to transition to the sphere form upon the addition of MEGM (Supplementary Figure 1B) suggesting that they retain stem cell potential. Clinically, this may be related to the mechanisms of IBC recurrence and dissemination [26, 27] . In line with this observation, in vivo experiments showed the development of tumors after injection of either monolayer (10 6 cells) or dissociated spheres (10 5 cells) into the mammary fat pad of 6 to 8 week-old female mice ( Supplementary Figure 2A) . Other studies have also suggested that CD44 + /CD24 − /low breast cancer cells exhibit a greater tendency to generate distant metastases [28, 29] . Therefore, this transition from CD44 − to CD44 + may also play an active role in FC-IBC02A's ability to invade. In any case, as the two cellular models share similar in vivo properties, this defining feature may facilitate follow-up studies as cells can be rapidly converted from spheres to monolayer and back.
To assess their metastatic potential, we delivered IBC cells directly into the arterial blood circulation via the left cardiac ventricle. The delivery of cancer cells via this route generates circulating tumor cells that rapidly disseminate to skeletal and soft-tissues, closely replicating the distant spreading of primary solid tumors in humans [30] . Tumor cells, cultured as a monolayer, disseminated to areas of known CXCL12 abundance [31, 32] , including the brain, bones, (Figure 1B ), lymph nodes, adrenal glands and the lungs (not shown). Ten minutes after the inoculation of FC-IBC02A cells, DTCs were detected along the growth plates of the distal femur, proximal tibia, and brain tissue (Supplementary Figure 2B) . Longer term in vivo studies (2 and 4 weeks) were completed to determine the survival and proliferative potential of disseminated IBC cells in these secondary locations. Tumor foci measuring 1167.68 μm 2 (± 265.49, n = 4) and 5948.68 μm 2 (±1616.78, n = 4), respectively, were observed in the bone at 2 and 4 weeks post-inoculation ( Figure 1B) . A similar pattern of dissemination and colonization was found in the brain, where DTC lesions reached an average size of 1400.23 μm 2 (± 400.65, n = 5) at 4 weeks. Similar results were obtained using sphere-derived FC-IBC02A cells (not shown). Continuous long-term in vivo studies were performed over the course of 14 weeks using FC-IBC02A cells expressing both luciferase and GFP, as indicated in the methods. Bioluminescence was first detected at 5 weeks, measured by total flux, and monitored weekly over the whole course of the study (Figure 2A) . One mouse was sacrificed early, at week 10, and thus there is no data available for this animal at week 14. However, in total, nine of ten mice developed bioluminescent signal and were found positive for lesions via tissue sectioning ( Figure 2B ). By using in vivo bioluminescence imaging, individual lesions were followed longitudinally. Total flux per animal is normalized and shown in Figure 2C . Average tumor burden of each animal at 5 weeks was measured to be 4.601e+05 (± 2.12e+05, n = 9) [photons/ second], at 8 weeks total flux was at 1.585e+06 (±6.52e+05, n = 9) [p/s], at 10 weeks measured at 4.278e+06 (±2.11e+06, n = 9) [p/s], and at 14 weeks it was measured to be 3.737e+07 (±2.01e+07, n = 9) [p/s].
At the end of the observation period, animals were sacrificed and dissection was guided by bioluminescence results; tissues were fixed in 4% paraformaldehyde and sectioned. Using fluorescence, bioluminescent signals were confirmed for lesions in the lymph nodes, brain, knee-joints, and adrenal glands (Table 1) . Multispectral imaging analysis allowed for GFP labeled FC-IBC02A cells to be discretely isolated from background noise and tumor size accurately measured (Figure 3) .
Expression of Functional CXCR4 and ACKR3 in IBC Cells
Previous studies suggested key roles of CXCR4 and ACKR3 in breast cancer progression and metastasis [33, 34] . Therefore, it was important to investigate expression of these chemokine receptors in the FC-IBC02A cells. RT-PCR studies showed presence of both CXCR4 and ACKR3 transcripts in these cells ( Figure 4A ). The cells also expressed their chemokine ligand, CXCL12, indicative of possible autocrine/paracrine signaling.
To gain further insight into the cellular localization of the CXCR4 and ACKR3 proteins in the FC-IBC02A cells, immunocytochemistry and confocal microscopy were used. CXCR4 is recognized as the main signaling receptor mediating the biological actions of its only chemokine ligand, CXCL12, whereas ACKR3 primarily acts as a scavenger receptor and regulator of CXCR4 function [35, 36] . As shown in Figure 4B , under basal conditions, CXCR4 staining was predominantly localized to the cell membrane while ACKR3 was expressed more diffusely, i.e. both at plasma membrane level and in the cytoplasm. Additionally, the ACKR3/ CXCR4 overlay was mainly found in the cytosol, suggesting intracellular associations between the two receptors ( Figure 4C ) and consistent with previous studies, from our group and others, supporting CXCR4/ ACKR3 cellular interactions [16, 35] .
To confirm function of the chemokine receptors in the FC-IBC02A cells, we measured the activation of a typical signaling pathway downstream of CXCR4, i.e., the extracellular regulated kinases 1/2 (ERK1/2). Cell lysates from FC-IBC02A cultures treated with CXCL12 (20 nM)-or vehicle (0.1% BSA/PBS)-were analyzed by Western blot, using antibodies that selectively recognize the total or phosphorylated form of ERK1/2 proteins. As indicated in Figure 5A , quantitative analysis showed significant increases of phospho-ERK1/2 after exposure (10, 15, or 30 minutes) of either monolayer or sphere-derived cells to CXCL12, confirming stimulation of CXCR4 in these cells regardless of culture conditions. Next, we evaluated the ability of CXCL12 to stimulate migration of FC-IBC02A cells. To simulate in vivo conditions, a transendothelial migration assay was performed using HBMECs as described in the methods. FC-IBC02A cells were plated on one side of a transwell and CXCL12 (20 nM) was added to the other. An increase in the number of transmigrated cells was seen at both 8 and 24 hours ( Figure 5B ) in the presence of CXCL12. Overall, these findings are consistent with the observed CXCR4 expression and the previous reports regarding CXCL12-induced signaling [37] .
Antagonists of CXCR4 and ACKR3 Inhibit CXCL12 Signaling in IBC Cells
We next investigated whether treatment with specific chemokine receptor antagonists would inhibit the intracellular signaling pathways stimulated by CXCL12. Thus, prior to exposure of cells to CXCL12, they were treated for 15 minutes with AMD3100 (CXCR4 antagonist) or CCX733 (ACKR3 antagonist) [38, 39] . Our data show a marked decrease in ERK1/2 activation in cells co-treated with AMD3100 and CXCL12 (20 μM). Pre-treatment with CCX733 (1 μM) also decreased ERK activation ( Figure 6 ). Thus, similarly to other cell types, CXCR4 and ACKR3 are both involved in CXCL12-induced responses in FC-IBC02A cells.
Conclusion
In summary, the in vitro and in vivo data presented here show that FC-IBC02A cells represent an excellent, clinically relevant model to characterize the role of chemokine receptors in the IBC metastatic process. Importantly, FC-IBC02A secondary lesions detected in our pre-clinical model replicate patterns of distant dissemination observed in IBC patients as shown by axillary lymph node involvement, brain, and bone metastases. The genomic profile of these cells [19] aligns well with their metastatic behavior.
The combined bioluminescence/fluorescence approach described here provides an advantage for longitudinal tracking of individual tumor development that can also serve as a guide during tissue dissection. At the same time, the high sensitivity of advanced multispectral image analysis allows detection of microscopic lesions (made of isolated cells or clusters of few cells), which is instrumental to identification of therapeutic approaches that can interfere with critical steps involved in arrival and survival of circulating tumor cells into the metastatic niche.
Metastatic dissemination of solid tumors is thought to depend on expression of chemokine receptors [7, 40] . Although CXCR4 and ACKR3, which are known to regulate cell migration and survival, have been previously implicated in various forms of cancer [41] [42] [43] , there is very limited knowledge of the involvement of these receptors in IBC, due to the rarity of the disease and the paucity of cellular models available. This work describes an accurate, systematic model to study IBC progression and the very first evidence of ACKR3 expression in IBC cells. Thus, it provides the foundation for further characterization of the role of chemokine receptors in the progression of IBC disease and any other translational investigations focused on development of targeted therapies for this aggressive form of breast cancer.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.tranon.2015.07.002.
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